Multi-objective performance assessment of operational strategies at wastewater treatment plants (WWTPs) is a challenging task. The holistic perspective applied to evaluation of modern WWTPs, including not only effluent quality but also resource efficiency and recovery, global environmental impact and operational cost calls for assessment methods including both on-and off-site effects. In this study, a method combining dynamic process models -including greenhouse gas (GHG), detailed energy models and operational cost -and life cycle assessment (LCA) was developed. The method was applied and calibrated to a large Swedish WWTP. In a performance assessment study, changing the operational strategy to chemically enhanced primary treatment was evaluated. The results show that the primary objectives, to enhance bio-methane production and reduce GHG emissions were reached. Bio-methane production increased by 14% and the global warming potential decreased by 28%. However, due to increased consumption of chemicals, the operational cost increased by 87% and the LCA revealed that the abiotic depletion of elements and fossil resources increased by 77 and 305%, respectively. The results emphasize the importance of using plant-wide mechanistic models and life cycle analysis to capture both the dynamics of the plant and the potential environmental impacts. 
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INTRODUCTION
The holistic view applied to modern wastewater treatment plants (WWTPs) challenges the traditional methods for performance evaluation. Today, not only effluent water quality and operational cost, but also energy efficiency, resource recovery rate and global environmental impact (e.g., on climate) need to be considered when assessing plant performance (Olsson ) . It is well known that WWTPs can emit substantial amounts of greenhouse gases (GHGs). Apart from the mostly biotic CO 2 emissions from degraded organic matter, the main direct emissions from 
METHODS
The general method developed in the Benchmark Simulation platform (Gernaey et al. ) coupled to a LCA model is presented in detail. Thereafter, a case study where the model is adjusted to the plant under study is described together with a simulation study on enhanced primary treatment.
The methodology of coupling process modelling and LCA is outlined in Figure 1 . The modelling and simulation is performed in two steps.
Step 1 represents detailed dynamic process modelling of on-site processes at the WWTP. The outputs of Step 1 are effluent water load, sludge load, direct GHG emissions and resource requirements.
Step 2 is LCA modelling of the WWTP including off-site processes required for plant operation, the direct emissions and resource use calculated in Step 1 are used as inputs in Step 2. The output from
Step 2 is environmental impact in selected impact categories.
Process model development
For the detailed process modelling, the Benchmark Simulation Figure S1 , available with the online version of this paper); (ii) a set-up of sub-models for the included processes; (iii) models for sensors, controllers and actuators to allow implementation of various control strategies; (iv) a specified simulation procedure including an Step 1 (white area, top): process modelling of on-site processes;
Step 2 (grey area, bottom): life cycle assessment (LCA) of off-site processes using simulation outputs from Step 1. • direct emissions from gas utilization with 1.7% of combusted raw biogas in co-generation unit (Liebetrau et al.
);
• 
LCA model description
The LCA was performed according to the standard ISO . The goal and scope of the LCA was to perform a comparative assay of the operational strategies simulated using the process model. The system boundaries for the LCA were therefore chosen to be the WWTP itself with direct emissions to water, soil (micropollutants are not considered in this study) and air and the production and transport of power and chemicals from resource extraction to the plant. The benefit of utilizing the produced bio- The treatment process in detail consists of the following.
Primary treatment 3 mm bar screens followed by pre-aeration and an aerated grit chamber. Primary sedimentation in five parallel lines with a removal efficiency of 51% COD and a primary sludge total suspended solids (TSS) concentration of about 6%. The primary sludge is pumped to the sludge treatment.
Only the primary settlers were modelled. 
Filtration
A tertiary filtration step with chemical precipitation (using ferric chloride) on two media downstream filters (SF). The filters are intermittently backwashed and the sludge is recycled to the plant influent. A simple cut-off model was constructed taking away all particulates above 5 mg TSS·l À1 in the filter influent to the sludge phase, which was recycled to the plant influent.
Sludge treatment
The sludge from both the old and the new part of the plant is treated in two ADs in series, each 9,000 m 3 . The primary sludge is fed to the first digester and before entering the second digester mixed with the thickened secondary sludge. The digested sludge is dewatered in centrifuges to a dry solids content of 27%, which is stored for 12 months before application. The produced biogas is up-graded to vehicle fuel quality in a gas-upgrading unit (GU) and sold to the local public transport company to be used in city buses. The bio-solids are transported and utilized for fertilization of farmland or for landscaping. The dewatering supernatant is pumped back to the joint RAS channel before entering the anoxic zones. The sludge line was modelled with BSM2G default models but the reactor configuration was adjusted to the Käppala plant layout and volumes adjusted according to the modelled portion of the flow.
Consumption of resources, such as energy and chemicals, were either modelled dynamically (i.e., carbon source addition) or calculated based on specific consumption numbers. Most of the specific data were retrieved from the utility but some generic BSM2G data were used when specific data were missing. Values are tabulated in Supplementary information, Table S1 (available with the LCI data with references are given in Supplementary information, Table S2 (available online), but some important assumptions were:
• for power production, the average Swedish electricity grid mix was used (mainly hydro and nuclear power, together about 90% of total);
• the methanol used in the scenario was assumed to have fossil origin;
• when used as vehicle fuel the bio-methane was assumed to replace 0.765 MJ of diesel for each MJ of bio-methane;
• for transport, the actual transport distances were used (see Supplementary information, Table S2) Table S3 , available online) in each respective impact category for evaluation of the relative importance of the different categories.
Global performance assessment of CEPT
The interest regarding enhanced mechanical treatment is growing as focus is shifted towards multiple objectives for WWTPs (Bachis et al. ) . If the reduction over the different steps of the mechanical treatment can be increased several objectives can be improved: (i) the load on the ASU is decreased leading to lower aeration requirements and increased treatment capacity in the ASU; and (ii) the biogas production is increased leading to less GHG emissions if the gas is utilized to replace fossil resources.
A common way to achieve this is to implement chemically enhanced primary treatment (CEPT), where pre-precipitation with metal salts are used to improve the removal efficiency over the primary clarifiers. However, there are risks with this practice; extensive pre-precipitation can easily lead to deficiency of available organic matter for denitrification and even phosphorus in the ASU. Moreover, recovery of P becomes more difficult. Thus, there is conflicting competition for the influent organic matter, whether it is best used for denitrification in the ASU or for biogas production in the AD. For denitrification, external carbon sources, such as methanol or ethanol, can be used but that comes with a cost and environmental impact from production and transport of the chemicals.
A simulation study was designed to assess the total environmental impact of the above strategy using the pro- The reduction over the PRIM was increased to 60% COD by increasing the parameter f_corr to 0.8 and moving the modelling of precipitation (ISS increase) to before the PRIM. A reduction over the PRIM of that magnitude is possible if the plant has effective primary settling, which is the case at Käppala. The goal with the simulation study was to show the change in environmental impact from the strategy assuming the same effluent quality. Therefore, the operation was tuned to match the same effluent standards as for the base case. To achieve this, it was necessary to add methanol to the anox-zones to match the denitrification in the base case. This was done by a 50/50 addition to ANOX 1 and 2 with a PI regulator controlling the methanol flow towards a concentration set-point of 6.7 mg N·l À1 NO 3 -N in the effluent from the DEOX. For the evaluation, the OCI was updated to cover the major impacts of the simulated case.
The power for heating was updated to electrical power supply for heat pumps (default OCI factor for electrical power), the gas utilization was exchanged to vehicle fuel with an assumed OCI factor of 7.5 per m 3 of fuel and the addition of precipitation chemicals were included with an assumed OCI factor of 13 per kg of Fe. The price of vehicle fuel at Käppala WWTP is not publically available but considering retail price and reasonable distribution costs and margins, 7.5 OCI is reasonable. Likewise, the actual contracted price for ferric chloride was not available but an OCI of about 13 is similar to the published price by several manufacturers taking the actual transport distance into account.
RESULTS AND DISCUSSION
Model calibration
The model calibration shows good fit for the standard water quality variables. Priority during the calibration was to calibrate the sludge age in the ASU to match the nitrification.
This was achieved as the sludge age in the model is 13.0 compared to data 13.4 d. The resulting effluent TN and NH 4 -N differ by only 0.1 mg N·l À1 between model outputs and data. To achieve this, the TSS in the ASU had to be set slightly lower than actual values, 1,700 compared to the measured value of 2,100 mg·l À1 , yielding a slightly lower overall bio-solids' production. Comparisons between model calibration results and plant data are tabled in Supplementary information, Table S4 (available online).
Default parameter values were used in the process model. These models predict that the N 2 O production relates to the rate of nitritation rather than DO. These new two-pathway models were not available at the time of conducting this study but the present results support that additional 
Performance assessment of CEPT
The most relevant simulation results from the process model are presented in Table 1 . The ambition that the effluent quality should be the same for the two cases was achieved and both the general EQI and the specific nitrogen parameters were approximately similar for the two simulations.
The primary objective, to increase the production of biomethane with CEPT, was reached since the mixed sludge for digestion has a higher proportion of primary sludge, which has a higher biogas potential (Arnell et al. ) . The bio-methane production increased by almost 14%. Along with that the energy for aeration decreased as expected. However, the change was small, due to the addition of methanol to the ANOX that kept up the total COD load on the ASU.
The use of chemicals for precipitation increased substantially, which was expected, just as the additional methanol.
Although, the use of precipitation chemicals increased the sludge production does not differ significantly for the two scenarios. This is due to a very small difference in ISS addition when switching from simultaneous precipitation in the base case to pre-precipitation in the CEPT case. In the simulation study this was based on lab-scale jar tests and might show to be somewhat different in the full-scale application. However, Ødegaard () showed that CEPT does not necessarily have to lead to excessive sludge production.
The OCI is tabulated in Table 1 . The total cost for operation increases by 87%. The increased revenue for selling vehicle fuel is almost fully compensated by the additional carbon source dosing. However, the major increase in OCI is due to the increase in precipitation chemicals (700% higher OCI). This cost increase would be less pronounced if a cheaper metal salt could be used, for example, residual ferrous sulphate from other industrial processes. The performance of such an alternative was not known in this case and could not be evaluated. The direct emissions of GHGs from the plant were affected by the operational strategy. The methane slip from the AD increased with CEPT due to increased gas production since it was calculated proportionally. On the contrary, a much larger decrease in GHG emissions was achieved as the N 2 O emissions from the ASU decreased.
It is hypothesized that this is due to the reduced load on the ASU with CEPT; the TN in the primary effluent was reduced and methanol was dosed, which increases the C to N ratio in the ASU.
The on-site effects of CEPT as described would have been more pronounced if the differences in primary removal efficiencies were greater. However, the current primary clarifiers at Käppala WWTP are well functioning already without pre-precipitation. Furthermore, it could be argued that an even higher removal can be achieved with CEPT than tested here (Ødegaard ) but it was found appropriate to use the actual removal efficiency established in jar tests at the plant.
The LCA results based on the two scenarios are presented in Table 2 and Figures 5 and 6. From Table 2 it can be concluded that all except ODP is within two orders of magnitude related to the total emissions for 28 European countries for the year 2000; ODP is significantly smaller.
Also, in the LCA results, striving to keep effluent quality unchanged is evident as the difference in the impact category Eutrophication is small ( Figure 5 ). The sought reduction in Climate impact of the operations was achieved and did decrease by 28% (Table 2) . This is the result of several combined effects: a decrease of the direct plant GHG emissions, decreased power consumption as well as increased bio-methane production. The latter leads to decreased GWP as a credit is made when it substitutes fossil vehicle fuels (see Figure 6 ). Altogether, the Climate impact is reduced by almost a third despite the increased emissions from production and transport of methanol and precipitation chemicals.
The improvement in Climate impact comes with a cost in terms of resource use. The elemental and fossil ADP are increased by 77 and 305%, respectively (see Table 2 and Figure 5 ). This increase is completely explained by the increased use of chemicals for precipitation and Carbon source cost index -0 6,170
Vehicle fuel revenue index -53,600 61,100 denitrification ( Figure 6 ). The origin of the methanol was here assumed to be fossil based, which has a major impact on ADP fossil. In a parallel project using the same base model a sensitivity analysis on the origin of the carbon source was done and it showed a significant impact. The increase in fossil depletion was reduced significantly if recycled glycerol was used instead (Åmand et al. ) .
The impact category with the largest relative change was ODP; with CEPT it increased by 450% ( Table 2) . From the impact is useful for comparing alternative operational strategies at WWTPs and provides a thorough base for decisionmaking.
The general method developed suggests also including utilization of bio-solids and expanding the system to include replacement of commercial fertilizer. This is done for completeness and consistency since effluent load is included as well as bio-methane utilization with crediting when used as vehicle fuel. In the case study, there was unfortunately limited information available on the sludge utilization.
Moreover, the data quality was poor for the expanded system of fertilizer replacement. Therefore, the sludge utilization was excluded. However, since the evaluated operational strategies produce very similar amounts of sludge the exclusion in this study will have basically no impact on the conclusions. Considering replacement of commercial fertilizer will be included in future studies. A simulation study on altering the operational strategy at the studied treatment plant was performed. The current strategy with simultaneous precipitation and pre-denitrification utilizing internal COD was compared to a strategy with extensive pre-precipitation with ferric chloride and adding methanol in the anoxic zones. The comparative simulations show that several of the initial goals with the strategy are fulfilled, i.e., higher gas production, lower aeration energy requirement and an overall decrease in GWP (28%). However, at the same time, the LCA reveals that the abiotic depletion of both elemental and fossil resources increases by 77% and 305%, respectively. Also, the ozone layer depletion increases many fold but from a very low initial level. By expanding the OCI with precipitation chemicals and alternative bio-methane utilization the results show that the cost of operation increases by 87%, although the energy for aeration decreases and the increased gas production means higher revenue for biomethane utilization.
The study shows that the method is applicable for use at WWTPs. The coupled process and LCA modelling methodology captures plant-wide and global effects that would not only be hard to show with standard spreadsheet calculations but would also remain hidden using any of the models separately. This novel method for multi-criteria evaluation of operational strategies including on-site process changes, global environmental impact and operational cost
